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Electrocatalytic CO2 reduction
with an immobilized iron complex
on gas diffusion electrodes

Maria B. Brands, a James L. Marden,a Kaijian Zhu, b Annemarie Huijserb and
Joost N. H. Reek *a

The immobilization of molecular electrocatalysts on gas diffusion

electrodes (GDEs) overcomes mass transport limitations inherent to

solution-phase CO2 reduction. We report the immobilization of the

molecular FeTDHPP catalyst on a GDE via supramolecular p–p inter-

actions, achieving a 50-fold catalytic activity increase compared to

solution-phase performance.

The goal to mitigate CO2 emissions has spurred interest in CO2

conversion technologies, resulting in the discovery of promis-
ing first-row transition metal electrocatalysts.1–4 In terms of
Faraday efficiency (FE), heterogeneous catalysts are typically
outperformed by molecular organometallic complexes, which
consist of a metal centre coordinated to a tuneable ligand,
resulting in a well-defined catalytic center. By optimization of
molecular complexes, CO2 reduction with FEs of 495% to a
single product can be achieved.5 On the other hand, the
attained current densities with these complexes are limited
and therefore rarely reported. Instead, the catalytic activity is
commonly reported as the turnover frequency (TOF) per cata-
lytic centre, which can vary between 6 h�1 and 106 s�1.6 This
activity is often evaluated with the molecular catalysts dissolved
in the solution phase using a three-electrode setup.6 CO2

reduction requires that the four crucial reaction components
– the catalyst, CO2, electrons and protons – are in proximity,
which is at the electrode surface. Such a setup is suboptimal, as
only a small fraction of the bulk catalyst in solution determines
the overall average activity per catalytic site (i.e., only the
catalysts that reside in the reaction-diffusion layer).6,7 Further-
more, this setup suffers from mass transport limitations of the
poorly dissolving CO2 (0.033 M in water under ambient
conditions),1 which may limit catalytic turnover rates. Finally,

due to the limited substrate availability, undesired side reactions
can occur, such as catalyst decomposition or hydrogen evolution.
Arguably, the commonly used setup to evaluate the performance of
molecular electrocatalysts is far from ideal, since the catalyst suffers
strongly from mass-transfer and diffusion limitations.

In recent years, gas diffusion electrodes (GDEs) have been
explored for CO2 reduction, especially in the field of heterogeneous
catalysis (Fig. 1).8–12 These electrodes allow gaseous CO2 to diffuse
through the electrode, which overcomes CO2 mass transport
limitations resulting in high CO2 availability at the electrode that
would be impossible to reach via dissolution under ambient
conditions. These benefits can also hold for molecular electrocata-
lysts, if they are immobilized on the GDE surface. The catalysts are
then preorganized at the place where the substrates and electrons
come together. In this different microenvironment, where mass
transport limitations are less significant, the intrinsic performance
of the catalyst for CO2 reduction can be measured more precisely
and is often higher than the performance observed in solution.13

In the pioneering work of Brookhart and co-workers, a
pyrene-functionalized iridium pincer complex was immobilized
on a GDE.14 As a result, CO2-to-formate conversion could be
achieved with turnover frequencies up to 900 min�1, at rela-
tively high current densities (15.6 mA cm�2), while maintaining
good selectivity to formate as a product (83%). In 2019, Robert
and co-workers incorporated various molecular catalysts, such
as CoPc, in a Nafion matrix on GDEs and reached high CO2-to-
CO reduction efficiency.15,16 Reaching a FE of 495% at a
current density of 150 mA cm�2 with the CoPc catalyst, their
work placed the performance of molecular electrocatalysts
on GDEs on par with classic heterogeneous catalysts on
GDEs. This setup performed orders of magnitude better than
earlier reports on the performance of the state-of-the-art mole-
cular FeTDHPP (iron 5,10,15,20-tetrakis(20,60-dihydroxyphenyl)-
porphyrin) catalyst in solution.7

The immobilization of molecular catalysts in a Nafion framework
(Fig. 2) is arguably a revolutionary step forwards.17–25 Nevertheless,
part of the catalyst molecules are still outside the reaction-diffusion
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layer26 and thus inaccessible for reduction by the electrode. Catalyst
molecules can aggregate in the ionomer matrix,27 impeding expo-
sure of catalytic sites, which can hinder accessibility to CO2.28 We
hypothesize that the catalyst can perform more efficiently (at lower
loadings and higher activities per site) if the catalyst is directly
immobilized on the GDE. In this work, we report the immobiliza-
tion of the molecular FeTDHPP catalyst on a GDE via supramole-
cular p–p stacking (Fig. 3) and compared its catalytic performance
in the CO2 reduction reaction to earlier reports.

The FeTDHPP catalyst was synthesized according to a reported
procedure and characterized with high resolution mass spectro-
metry, UV-vis spectroscopy and cyclic voltammetry.7 The obtained
characterization data agree with the literature, as detailed in the SI.
Immobilization of the catalyst was achieved by deposition of multi-
walled carbon nanotubes (MWCNTs) on a carbon paper-based
GDE, leading to a material with large aromatic surfaces functioning
as anchoring sites for the FeTDHPP catalyst via p–p stacking.14,29–36

The structural changes after MWCNT deposition were character-
ized via scanning electron microscopy. The deposition of the
catalyst resulted in a catalyst loading of 9.2 � 10�9 mol cm�2

(or 0.5 mg cm�2 Fe), as determined by UV-vis spectroscopy (SI). After
confirming the catalytic activity of FeTDHPP in the aqueous
environment (SI), the performance of this FeTDHPP-GDE in a
custom-made flow reactor was explored,37 via chronoamperometry

and chronopotentiometry. In the three-compartment cell, the
anolyte and catholyte compartments were separated by an
anion exchange membrane, and the gas compartment and
the catholyte were separated by the GDE. The electrolytes were
circulated using a peristaltic pump. The CO2 was supplied to
the gas compartment via a single pass flow system, controlled
by a mass flow controller (MFC) at a flow rate of 7.4 mL min�1,
and directed across the back side of the GDE. Effluent gases
coming from the gas compartment were analysed by gas

Fig. 2 Different ways that molecular catalysts have been studied in the electrochemical reduction of CO2 to CO and their corresponding average TOF
over the course of the experiment: (1) the approach reported by Robert and co-workers in 2012,7 using FeTDHPP as the catalyst; (2) the approach
reported by Robert and co-workers, using FeTNT (5,10,15,20-tetrakis(4-trimethylammonio-phenyl)-porphyrin tetrachloride) immobilized in a Nafion
matrix on a GDE as the catalyst (0.5 M NaHCO3);15,16 and (3) the approach reported in this work, using FeTDHPP as the catalyst on a GDE via
supramolecular immobilization (0.5 M NaHCO3).

Fig. 3 Supramolecular immobilization of FeTDHPP on the GDE in an
electrochemical CO2 reduction flow cell.

Fig. 1 The working principle of a GDE in electrochemical CO2 reduction.
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chromatography. More details on the flow setup can be found
in the SI.

Bulk electrolyses were carried out using the FeTDHPP-GDE
at a constant potential (CPE) of �1.256 V vs. Ag/AgCl
(Fig. 4, left) and at a constant current (CCE) of �20 mA cm�2

(Fig. 4, right). The CO production rate is given in blue and
the H2 evolution rate in orange. Additional experiments at
100 mA cm�2 and blank experiments with the GDE are reported
in the SI.

The FeTDHPP-GDE displayed substantial activity in CO2

reduction when a potential of �1.256 V was applied. CO was
produced at an initial rate of 21.5 mL min�1, corresponding to a
TOFmax,CO of 42 min�1 per FeTDHPP site. The CO production
rate decreased over time, especially after 30 minutes, down to
2.0 mL min�1 (at 55 minutes), corresponding to a TOF of
4 min�1. The catalyst reached an average TOFCO of 10 min�1

(597 h�1), which is the highest activity of CO2-to-CO reduction
reported to date for the FeTDHPP catalyst.

The FeTDHPP-GDE was also active in CO2 reduction during
constant current electrolysis at �20 mA cm�2. The CO produc-
tion started at 5.8 mL min�1 (7 min) but quickly lowered to
1.5 mL min�1 (14 min) and stabilized around 1.0 mL min�1 for
the remaining time of the experiment. The resulting TOFmax,CO

under these conditions was 11 min�1, and an average TOFCO of
3 min�1 (179 h�1) was measured. Although more current flowed
through the electrode during CCE, the CO production was
significantly lower compared to CPE. At higher current densi-
ties, the system thus strongly favour the formation of H2.

The FEs towards H2 and CO depend on (1) the current
density and (2) the progress of the electrolysis experiment.
The reaction was more selective towards CO during CPE (FECO

of 34% over 1 h) compared to CCE (FECO = 0.5%). Hydrogen was
thus a major product in both experiments, and most of the
electrons ended up in H2 rather than CO. In CCE, the fixed
current may drive alternative reductions if the CO2 reduction
catalyst cannot keep up. Such side reactions could occur in bare
areas of the electrode (i.e., areas not containing nanotubes; see
Fig. S6) that promote hydrogen formation (Fig. S11), resulting
in a lower FECO and CO production rate.

The selectivity of the FeTDHPP-GDE changed over the course
of the experiments: a decrease in the CO production rate was
observed, while the H2 evolution rate increased. In the CPE, the

FECO started around 70% (at 9 minutes) decreasing gradually to
�10% (at 56 minutes). During CCE, the FECO was already close
to zero after 14 minutes. The selectivity shift from CO to H2

thus occurred earlier at higher current densities. This observa-
tion could indicate that, over the course of the experiments, the
CO2 reduction catalyst decomposes or leaches from the elec-
trode, after which H2 production increases.

Since the H2 production rates are lower in the presence of a
catalyst compared to the blank electrode, even at the end of the
experiment, we hypothesize that the catalyst decomposes to a
species that is inactive for both CO and H2 production. This
hypothesis is supported by post-catalytic elemental analysis of
Fe in the FeTDHPP-GDE, the blank MWCNT-GDE, and their
respective catholytes (Table S3), showing that part of the
catalyst leached into solution, while part remained attached
to the GDE surface. Hydrogen formation is most likely originat-
ing from the carbon electrode itself as (1) the Fe-catalyst is
inactive for water reduction in DMF, as discussed earlier
(Fig. S5), although this selectivity could change with the differ-
ent solvent system (neat aqueous electrolyte) of the flow cell,
and (2) the FeTDHPP-GDE shows a lower hydrogen production
compared to the blank electrode during the beginning of the
experiment (Fig. S11), indicating that FeTDHPP does not cata-
lyze hydrogen evolution.

Importantly, the FeTDHPP-GDE performed at an average
turnover frequency of 10 min�1 per catalytic site compared to a
TOF of 0.2 min�1 when FeTDHPP resides in solution, as
reported in earlier studies.7 The catalytic activity of FeTHDPP
thus increased by a factor of more than 50 when immobilized
on a GDE via supramolecular immobilization.

In conclusion, we immobilized the FeTDHPP catalyst on a
GDE via supramolecular p–p interactions, without the need for
synthetic adjustments to the catalyst and using commercially
obtained electrode materials. Compared to catalysis in solu-
tion, the CO2-to-CO reduction increased more than 50-fold
upon application on a GDE. Immobilization of molecular
catalysts on a GDE can thus alleviate the mass-transfer and
diffusion limitations that are usually present in solution, and
enable molecular catalysts to operate closer to their full
potential. Nevertheless, the overall stability, selectivity and activity
of the FeTDHPP-GDE should be improved before its practical
application can be considered. For instance, increasing the catalyst

Fig. 4 Analyses of the produced gases over time during bulk electrolyses of the FeTDHPP-GDE. The CO production is given in blue on the left axes, and
the H2 production in orange on the right axes, both in mL min�1. Left: CPE of the FeTDHPP-GDE at �1.256 V vs. Ag/AgCl; right: CCE of the FeTDHPP-
GDE at �20 mA cm�2.
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loading, covering bare GDE regions, and strengthening the
catalyst–GDE interactions could enhance the performance of
the electrode.29,38,39 Clearly further development is needed, for
example the presented approach may be extended to other
aromatic or p-conjugated molecular catalysts, broadening the
scope for future molecular GDEs.
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338, 90.
8 M. F. Philips, G. J. M. Gruter, M. T. M. Koper and K. J. P. Schouten,

ACS Sustainable Chem. Eng., 2020, 8, 15430.
9 D. Higgins, C. Hahn, C. Xiang, T. F. Jaramillo and A. Z. Weber,

ACS Energy Lett., 2019, 4, 317.

10 Y. C. Tan, W. K. Quek, B. Kim, S. Sugiarto, J. Oh and D. Kai,
ACS Energy Lett., 2022, 7, 2012.

11 G. Li, T. Yan, X. Chen, H. Liu, S. Zhang and X. Ma, Energy Fuels,
2022, 36, 4234.

12 D. Wakerley, S. Lamaison, J. Wicks, A. Clemens, J. Feaster, D. Corral,
S. A. Jaffer, A. Sarkar, M. Fontecave, E. B. Duoss, S. Baker, E. H.
Sargent, T. F. Jaramillo and C. Hahn, Nat. Energy, 2022, 7, 130.

13 T. Burdyny and W. A. Smith, Energy Environ. Sci., 2019, 12, 1442.
14 P. Kang, S. Zhang, T. J. Meyer and M. Brookhart, Angew. Chem., Int. Ed.,

2014, 53, 8709.
15 W. Braun, D. Joulie, B. Boudy, K. Torbensen and M. Robert, WO

2021/013530A1, 2021.
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